Objectives
A focus on the use of abundant and non-toxic • elements in the development of improved photoelectrocatalyst (PEC) materials for the capture of solar radiation to catalyze chemical reactions of interest.
Utilize high-throughput screening to identify • candidate materials that, with optimization, might meet the DOE performance and stability targets.
Explore the effects of morphology on the • PEC material system efficiency making use of nanostructures to minimize charge carrier path lengths and maximize reactive surface area.
Explore processing and synthesis parameters to • optimize efficiency through increased conductivity and minimized charge trapping and surface recombination of selected materials. 
II.H.5 Photoelectrochemical Hydrogen Production Using New Combinatorial Chemistry Derived Materials

Introduction
The overall project objective is to discover and optimize an efficient, practical, and economically sustainable material for photoelectrochemical production of bulk hydrogen from water -a clean, renewable route to hydrogen energy. The properties of the semiconductors investigated for this application, which are similar to those in photovoltaic devices, must satisfy conditions in several areas if cost-effective hydrogen production is to be realized: (1) efficient solar absorption, (2) effective charge separation/ transport, (3) appropriate conduction band/valence band energies relative to H 2 and O 2 redox potentials ("band matching"), (4) facile interfacial charge transfer, (5) long-term stability, and (6) low cost. A material which satisfies all the above conditions simultaneously could provide clean hydrogen in bulk and at low cost; unfortunately, no such material or system has been discovered or developed to date. The DOE has identified the following future targets for STH efficiency and durability: 2006, 4%; 2013, 8% and 1,000 hrs; 2018, 10% and 5,000 hrs.
Hematite (α-Fe 2 O 3 ) has many potential advantages for hydrogen photoproduction. It has a bandgap of 2-2.2 eV (absorbs approximately 40% of the solar spectrum), it is stable in electrolytes over a wide range of pHs and is abundant, inexpensive and non-toxic [1] [2] [3] . Several qualities have limited the use of this material as an efficient photocatalyst, including high electrical resistance and recombination rates of photogenerated electrons [4, 5] and a conduction surface band-edge that is lower than the redox level of H + /H 2 . The undesirable electrical properties are partially due to the hopping mechanism of charge transfer via oxygen vacancies, grain boundaries, and surface traps, which results in relatively low quantum yields, while the low conduction band is due to the Fe 3d electrons. Efforts have been devoted to reducing the resistivity of thin films by nanostructured crystal engineering, that is; electron transport along the (001) planes of the hematite has four orders or magnitude lower resistance than transport perpendicular to this plane. Our hypothesis is that by deliberately doping hematite with selected heteroatoms [6] and being able to control the growth dimensions, crystal orientation and facets exposed, these limitations may be overcome. There is much diversity to explore in searching for the appropriate combination of dopant species to improve photocatalytic performance, [5, [8] [9] [10] as well as to understand and engineer the crystal structure, orientation and size of the crystalline domains of hematite. Another approach is to modify the surface reaction of semiconductors, through band edge shift, surface electrocatalyst deposition, and alternate polyalcohol as electron donors, to further improve the performance of photocatalysts.
Approach
The approach of this project involves the application of combinatorial chemistry methods to synthesize and optimize PEC materials and systems for cost-effective hydrogen production. This represents a systematic and high-speed exploration of new metal-oxide based solid-state materials. Our approach focuses upon the investigation of semiconductor materials that are inherently inexpensive, such as iron oxide. Iron oxide materials can be synthesized by rapid serial electrodeposition techniques or can be synthesized by sol-gel or spray pyrolysis, however, the limiting step in this case is still the high-throughput screening of materials, thus by utilizing the high-throughput screening system we can expedite the material discovery. By investigating large arrays of diverse doped hematite films, we are working to improve the understanding of the fundamental mechanisms and compositionstructure-property relationships within these systems. Surface modification has been attempted to shift the flat band potential of doped hematite and to increase the zero bias photocurrent. New hydrogen producing photocatalysts were synthesized and characterized using the PEC reactor and hydrogen production measurement system.
Results
The automated electrochemical synthesis system has been designed and improved allowing using electrodeposition for a variety of new materials with program controls over electrochemical parameters like voltage, scan rate, cycle numbers, etc. We have focused mainly on Fe 2 O 3 host, investigating libraries of variable composition and structure. α-Fe 2 O 3 thin films with different dopants have been synthesized by coelectrodeposition techniques. Around 30 dopants such as Al, Zn, Cu, Ni, Co, Cr, Mo, Ti, Pt, etc. were investigated. Doping with Al, Ti, Pt, Cr, and Mo exhibits the most promising results. Here we show the results of Al, Cr, and Mo doping in Figure 1 . Besides their PEC performances, the phases, morphologies, optical properties and elemental components of the doped iron oxide thin films have also been characterized by X-ray diffraction, scanning electron microscopy, ultraviolet-visual, and X-ray photoelectron spectroscopy. Upon doping, the microstructures of the films varied; however, no preferred crystallographic orientation or dopant phase segregation was observed. There was only a small difference in the absorption properties of doped and undoped samples, which is mainly due to the variations in the sample thickness and morphologically dependent scattering of the films. Figure 1a , b and c show the photocurrent and incident photon conversion efficiency (IPCE) of Cr and Mo doped hematite thin films. The best performing samples were 5% Cr and 15% Mo doped which had IPCEs at 400 nm of 6% and 12%, respectively, with an II.H Hydrogen Production / Photoelectrochemical Eric W. McFarland -University of California, Santa Barbara applied potential of 0.4V vs. Ag/AgCl. These IPCE values were 2.2× and 4× higher than the undoped sample for the 5% Cr and 15% Mo samples, respectively. The chopped current-voltage (IV) curves for Al doped iron oxide thin films, Figure 1d , show the best performance with 10% of Al in the electrolyte bath. The 10% Al in the electrolyte bath, which corresponds to a 0.3-0.5% doping, gives the IPCE at 400 nm of 8%. The increase in performance is attributed to an improvement in the charge transport properties within the films and not due to significant changes in the electrocatalytic rates due to dopants residing at the surface.
The doping of heteroatoms has been shown to increase the conductivity of hematite by orders of magnitude and thus the PEC performance on water splitting. However, the energy of the conduction band relative to the redox level of the H 2 /H + couple is too low (~0.2 V vs. the normal hydrogen electrode) to efficiently drive the hydrogen evolution reaction. Therefore, all publications with hematite require an external bias to shift the conduction band position above the hydrogen evolution potential. We have demonstrated an effective way to shift the band position of Ti doped hematite through surface modification using fluoride, which forms Ti-F bonds on surface. Figure 2 shows the improved PEC performance of Ti doped hematite thin films by CoF 3 (aqueous solution, pH~3.0) treatment. The CoF 3 treated samples show improvement in photocurrent at low bias (V <0.3 V vs. Ag/AgCl). The photocurrent onset potential for the treated sample is lower (~0.2 V) than the control sample. Furthermore, the untreated sample shows a negligible photocurrent at zero bias measured between the sample photoanode and the Pt mesh counter electrode without a reference electrode whereas a CoF 3 aqueous solution treated sample shows a photocurrent of approximately 150 mA/cm 2 under identical conditions and remains stable for more than 3,000 s (see Figure 2c ). We propose that, the flat-band potential of the sample is more negatively shifted after CoF 3 treatment. This hypothesis is confirmed by the Mott-Schottky analysis, which shows a negative shift of ~0.15 V for the treated sample. When glucose was used as the electron donor, the photocurrent was further increased, as shown in Figures 2b, c and d , which is consistent with the slower rate for the oxygen evolution reaction of water oxidation than for the oxidation of glucose. The IPCE of the fluoride treated sample with the presence of glucose at zero bias (only 2-electrode) reaches 3.7% at 400 nm with respect to 1.5% in the absence of glucose and 0.1% for control sample, Figure 2d .
The effect of water and carbon on the photoactivity of Ti doped hematite thin films was investigated by the use of pyrolysis of anhydrous precursors, Figure  3a . Using iron carbonyl and TiCl 4 precursors, faceted nanoparticles with an average size of about 20 nm were obtained on the fluorine-doped tin oxide substrates (Figure 3b ) and a photocurrent of 1.2 mA/cm 2 was observed at 0.2 V vs. Ag/AgCl under visible light illumination of 100 mW/cm 2 (Figure 3c ). The IPCE of the sample approaches 11.4% and 15.5% at 400 nm with an applied bias of 0.2 V and 0.4 V vs. Ag/AgCl, respectively, Figure 3d . The onset potential for photocurrent is approximately -0.4 V vs. Ag/AgCl. A higher zero biased photocurrent (~400 µA) is also 4 , have been used for Ti doping, which results in a much lower efficiency. The control on dopant concentration, thickness, and crystalline growth orientation is under investigation. Surface modification using fluoride is in progress and a higher zero bias photocurrent (2-eletrode) is expected.
A photoelectrochemical reaction and characterization system for colloidal photocatalysts was designed and applied for screening of new potential photocatalysts, Figure 4 . Photocatalyst powders (~10 mg) were dispersed in 15 mL electrolyte and sealed by a septum in a 20 mL glass vial. The vials were illuminated in a PEC reactor by two 1,000 W light bulbs with infrared filters. The PEC reactors can hold nine vials and do a screening for them by injecting gas samples from headspace of the vials into gas chromatograph. This system has been applied in screening a variety of semiconductors ( Figure 4b ) in terms of their photoelectrocatalytic hydrogen production rate under visible light illumination. Several semiconductors have been shown to be active in hydrogen production under visible light illumination in basic Na 2 S solution, such as CuCrO 2 , CuGaO 2 , CuLaO 2 , CuGaSe 2 , InP, etc.
Quantitative analysis and screening of electrolytes for each semiconductor are in progress and the results will be reported in the next annual report.
Conclusions and Future Directions
The methodology of combinatorial material science • has been applied to expedite the discovery of improved photocatalytic materials for hydrogen production.
An automated electrochemical system has been used • to reliably synthesize iron oxide thin films doped with various heteroatoms.
The Al-, Ti-, Cr-, Mo-, and Pt-doped iron oxide thin • films show a remarkable improvement in efficiency for photoelectrochemical water splitting compared to undoped samples.
Surface modification by fluoride has been • successfully applied to negatively shift the bandposition of Ti doped hematite.
Continue optimization of doped hematite; using • theory to guide multi-atom substitutions in the α-Fe 2 O 3 lattice, especially on both a donor and an acceptor co-doping. 
